We have identified an important functional region of the yeast Arf1 activator Gea2p upstream of the catalytic Sec7 domain, and characterized a set of temperature sensitive (ts) mutants with amino acid substitutions in this region. These gea2-ts mutants block or slow transport of proteins traversing the secretory pathway at exit from the endoplasmic reticulum (ER) and the early Golgi, and accumulate both ER and early Golgi membranes.
INTRODUCTION
The current model for transport through the Golgi apparatus postulates that anterograde transport is an indirect consequence of retrograde transport of Golgi resident enzymes from earlier to later compartments (Bonfanti et al., 1998; Glick and Malhotra, 1998; de Graffenried and Bertozzi, 2004) . Retrograde transport of many proteins is mediated by the COPI coat, a heptameric complex that cycles between membranes and cytoplasm (Bonifacino and Lippincott-Schwartz, 2003; Duden, 2003; Lee et al., 2004) .
COPI is recruited to Golgi membranes by Arf1-GTP, which is itself activated by one of a family of guanine-nucleotide exchange factors (GEFs) carrying a Sec7 domain (Jackson and Casanova, 2000) . The Sec7 domain is sufficient to catalyze exchange of GTP for GDP on Class I Arf proteins such as Arf1 and Arf3 in humans, and Arf1p and Arf2p in Saccharomyces cerevisiae. Two subfamilies of Arf GEFs localize to the Golgi complex in both yeast and mammalian cells: GBF1 and its yeast homologues Gea1p and Gea2p localize at steady state to the early Golgi; Sec7p and its mammalian homologues BIG1
and BIG2 localize at steady state to the late Golgi (Zhao et al., 2002; Shin and Nakayama, 2004) . In yeast, Gea1p and Gea2p are functionally redundant in that one or the other can be deleted with no detectable effect on growth rate or rates of transport to the cell surface and vacuole, whereas a gea1Δ gea2Δ double mutant is inviable (Peyroche et al., 1996; . A similar situation is likely true of the BIG1 -BIG2 pair in mammalian cells, given their extensive sequence homology (74% identity) (Togawa et al., 1999; Yamaji et al., 2000) , and the fact that a human disease (autosomal recessive periventricular heterotopia) is caused by almost complete deletion of the BIG2 gene (Sheen et al., 2004) . The fact that these affected individuals with no BIG2 function are born and live several years (albeit with severe abnormalities) indicates that at the cellular level, there is a high level of redundancy between BIG1 and BIG2 for essential functions. Why multiple Arf GEFs are needed for Arf1 function at the Golgi in organisms from yeast to humans is not known, but likely is involved in specificity of the multiple effectors of the same Arf protein acting at different membrane sites within the Golgi (Donaldson and Jackson, 2000) .
In the cisternal maturation model of Golgi traffic, glycosylation enzymes and fusion machinery are transported from later Golgi compartments back to earlier ones and from the cis-Golgi and/or intermediate compartment to the endoplasmic reticulum (ER) (Bonfanti et al., 1998; Glick and Malhotra, 1998) . In this way, an early Golgi compartment is transformed into a later one when it receives incoming glycosylation enzymes from this later compartment (de Graffenried and Bertozzi, 2004) . There is evidence in both yeast and mammalian cells that COPI mediates the retrograde trafficking of glycosylation enzymes, cargo receptors and fusion machinery (Nakano, 2004 ). The precise mechanism of this retrograde trafficking is a subject of ongoing research, and there is debate as to whether retrograde-directed glycosylation enzymes in mammalian cells are packaged into COPI vesicles or are sorted into tubules that connect Golgi cisternae (Kweon et al., 2004; Trucco et al., 2004) . Trucco et al. have proposed that COPI vesicles contain not Golgi enzymes but primarily the fusion machinery, such as the SNARE protein membrin . Recently, it has been demonstrated biochemically that distinct populations of COPI-containing membranes can be isolated from cells, suggesting that there are different COPI-mediated retrograde trafficking pathways responsible for transporting different retrograde cargo (Malsam et al., 2005) .
In this study, we have isolated a set of gea1Δ gea2-ts temperature sensitive mutants (referred to as gea2-ts mutants) and characterized their secretion and morphological phenotypes. Surprisingly, in three mutants, anterograde trafficking is severely attenuated, whereas COPI-dependent retrograde trafficking of three marker proteins is not defective. In addition, COPI is recruited to membranes in these mutants in an Arf1-GTP-dependent manner, and both ER and early Golgi membranes accumulate.
These results indicate either that Gea2p plays a direct role in anterograde transport, or that there are multiple pathways of retrograde transport within the Golgi in yeast.
MATERIALS AND METHODS

Mutagenesis and Construction of gea2-ts Strains
Strains and plasmids used in this study are listed in Tables 1 and 2 , respectively. Four regions of GEA2 were mutagenized separately using five unique restriction sites spanning the gene, employing a mutagenic PCR approach as described previously (Muhlrad et al., 1992) . For each region, a gapped plasmid made by digesting pSKP20 at two unique restriction sites was isolated by gel purification (Fig. 1) . Random mutagenesis of each region of the GEA2 open reading frame was performed by PCR amplification under conditions that decreased the fidelity of Taq polymerase (50μM ATP, 1/4 the concentration of the other three nucleotides). pSKP20 was used as template with primers annealing to sequences that flanked the corresponding pair of restriction sites used to gap pSKP20. Equimolar amounts of gapped plasmid and mutagenized DNA were cotransformed into CJY52-10-2 gea1Δ gea2Δ / pCLJ92 (2μ-GEA1-URA3 constructed from CJY101/pCLJ92 in a similar manner, but using pSSEC7-3xEGFP for pop-in-pop-out replacement of SEC7 with SEC7-3xGFP. CJY104 was constructed by pop-in-pop-out replacement of SEC21 with SEC21-3xGFP in strain BY4742 erg6Δ.
To construct strain CJY105/pSKP60 + pAP45 and the gea2-ts and sec7-ts single and double mutant versions, strain APY045-18-3 /pCLJ90 (CEN-TRP1-SUP11-GEA1) + pAP32 (2μ-URA3-SEC7) (Peyroche et al., 1999) was first transformed with pSKP60, pSKP63 or pSKP64. APY045-18-3/pCLJ90 + pAP32 colonies are white due to SUP11 suppression of the nonsense ade2-101 mutation, whereas colonies of cells that have lost pCLJ90 are red. Hence clones of cells in which pCLJ90 was replaced by pSKP60, pSKP63 or pSKP64 were identified by red colonies or sectors among white colonies.
Strains APY045-18-3 /pSKP60 + pAP32, APY045-18-3 /pSKP63 + pAP32 and APY045-18-3 /pSKP64 + pAP32 were then transformed with pAP45, pSKP72 or pSKP78, and plasmid shuffling was carried out on 5-FOA plates to select for clones that had lost pAP32. The resulting strains were then transformed with plasmid YIplac211-SEC21-3xGFP to generate a fusion gene encoding Sec21p-3xGFP at the chromosomal SEC21 locus, as described above (Table 1) .
Microscopy of Living Cells
We carried out live imaging of yeast cells as previously described (Rossanese et al., 2001) 
Immunofluorescence Analysis
Immunofluorescence was performed as described previously produced and gathered and immunolabeled as previously described (Tokuyasu, 1986; Liou et al., 1996) . The Och1-HA epitope tag was recognized with a rat anti-HA antibody 
Western Blotting
Strains carrying plasmid pWB-Amα were grown to early log phase at 24 O C and 37 O C. 2 mM sodium azide was added to the cultures and cells were harvested, then washed with nondenaturing lysis buffer (50 mM Tris-HCl (pH 7.4), 300 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 0.02% NaN 3 ). Cells were resuspended in 100 μl of nondenaturing lysis buffer with 1mM PMSF and 25x EDTA-free protease inhibitor cocktail. Cells were lysed by vortexing for 4x30 seconds with glass beads. Lysed samples were cleared by centrifugation for 2 minutes at 16,000g, then resolved by electrophoresis on a 4-20% NuPAGE ® Novex Bis-Tris gradient gel (Invitrogen, Carlsbad, CA). Sec22-myc-α derivatives were detected with polyclonal rabbit anti-Sec22p antibody (Lupashin and Waters, 1997) or with anti-myc antibody (9E10, Babco-Covance, Princeton, NJ).
RESULTS
We introduced random mutations into the GEA2 gene using a PCR and plasmid shuffling approach ( Fig. 1 , and see Materials and Methods). The strain used carried the wild type GEA1 gene on a URA3 plasmid (with both gea1Δ and gea2Δ deletions of the chromosomal copies of the genes). The mutant gea2 alleles were introduced into this strain on a low-copy LEU2 plasmid, and after counterselection on FOA medium, the mutant gea2 allele became the sole copy of the redundant GEA1 and GEA2 genes in the cell ( Fig. 1) . We mutagenized four regions of the GEA2 gene separately. Region 1 spanned amino acids 1-540, Region 2 amino acids 370-962, Region 3 amino acids 767-1197 and Region 4 amino acids 1019-1460. Transformants were tested for growth at 24 o C and 37 o C, and clones failing to grow at 37 o C were recovered and tested further.
Plasmids from 127 mutants that reproducibly exhibited a ts growth defect were isolated from yeast cells and sequenced. Several mutants had a large number of substitutions, and
were not studied further. The localization of the temperature sensitive gea2-ts-GFP was determined for 67 of these mutants. In most cases the signal was weaker than for the wild type at 37 o C, with some spots remaining and some cytoplasmic signal (our unpublished data).
A subset of 50 mutants had only one or two substitutions in the regions mutagenized. These mutations were not randomly distributed across the Gea2p protein, but were clustered ( Fig protein equivalent to that of the wild type. We chose these nine mutants to study further, since the mutant phenotype is not simply due to total loss of the Gea2p protein by degradation, but may have specific effects due to mutations in highly conserved domains.
An ~25 amino acid region contains one of the most highly conserved motifs in the Gea/GBF and Sec7/BIG Arf GEFs: N Y/F D C D/N (aa 483-487 in Gea2p) (Fig. 2B) . We found the D485G or C486R mutations in combination with other substitutions in four mutants of the collection, two for each substitution. To determine the effects of these mutations alone, we introduced them as single mutations by site directed mutagenesis, creating gea2-610 and gea2-611, respectively. We tested the growth rates of these mutants along with several of the original single or double mutants (Fig. 2C ). All failed to grow at 37 o C. Mutants gea2-28, gea2-74 and gea2-610 had the most severe growth defects, with no growth at 35.5, 36 or 37 o C (Fig. 2C) . The mutant gea2-60 has the next strongest growth defect, with no growth at 36 or 37 o C (Fig. 2C ). We have focused further studies on these four mutants.
The localization of the temperature sensitive gea2p-GFP protein was examined in the mutant strains. In the Gea2p-GFP control, the pattern observed was typical of the Golgi apparatus in yeast: multiple spots distributed throughout the cells (Fig. 3) . In the gea2-28, gea2-60, gea2-74 and gea2-610 mutants, some spots were still visible after 20 minutes of shift to the nonpermissive temperature (Fig. 3) . Hence each of these four gea2-ts proteins is partially released from Golgi membranes, but a portion remains membrane-associated.
To further characterize the secretion defect, we determined the fate of ER, early
Golgi and late Golgi markers in these mutants. We first constructed a new set of gea2-ts mutants by transferring each gea2-ts mutation to a version of Gea2p not fused to GFP.
We then introduced plasmids carrying Sec63-GFP (ER marker), Och1-HA (early Golgi marker), Sec21p-GFP (γ-COP, an early Golgi marker), Sec7-GFP (late Golgi marker) or FAPPI(PH)-GFP (late Golgi/TGN marker). At 24 o C, the proteins showed a similar pattern in both wild type and mutant cells (our unpublished data). After a 20-minute shift to the nonpermissive temperature of 37 o C, clear phenotypes were observed (Fig. 4) . The most striking effect was a decrease in the number of late Golgi structures, visible for all of the mutants with Sec7p-GFP and FAPPI(PH)-GFP (Fig. 4) . The FAPPI pleckstrin homology (PH) domain binds specifically to PI(4)P, and localizes to the late Golgi in yeast and the trans-Golgi network (TGN) in mammalian cells (Stefan et al., 2002; Godi et al., 2004) . The loss of FAPPI-containing structures was rapid, occurring within 15-20 minutes after shift to the nonpermissive temperature. Sec7-GFP structures also decreased in number after shift to the nonpermissive temperature. On the other hand, structures bearing the early Golgi markers Och1p-HA (Harris and Waters, 1996) and Sec21p-GFP (Rossanese et al., 2001) were still present after shift to the nonpermissive temperature (Fig. 4) . Sec21p-GFP was present in a pattern of spots in all four mutants even after shift to the nonpermissive temperature for 40 minutes (Fig. 4 and our unpublished data). For the wild type GEA2 control and for each mutant at the permissive temperature, Och1p-HA was present in multiple spots scattered throughout the cell (our unpublished data).
After incubation of the four gea2-ts mutants at 37 o C, Och1p-HA was present both in spots and in the ER (Fig. 4) . All four gea2-ts mutants accumulated ER membranes at the nonpermissive temperature, as demonstrated by increased signal for Sec63-GFP, a transmembrane ER resident protein (Prinz et al., 2000) (Fig. 4) . These results indicate that in the mutants at 37 o C, late Golgi membranes are depleted from the cells and ER and early Golgi membranes accumulate.
To examine the ultrastructure of the membranes accumulated in the gea2-ts mutants, we carried out immuno-EM analysis on the mutants expressing Och1p-HA from a low-copy centromeric plasmid. A typical Golgi element in a wild type strain has the appearance of a curved tubular network structure, sometimes forming a complete circle (Preuss et al., 1992; Rambourg et al., 2001) . In the control strain labeled with anti-HA antibodies, typical Golgi structures were observed (Fig. 5A) . The gea2-28 mutant showed accumulation of abnormal, multi-layered Golgi structures, an example of which is shown in Fig. 5B . Golgi structures labeled with Och1p-HA in the gea2-60, gea2-74 and gea2-610 mutants were also complex, multilayered structures that differed significantly from the control structures (Fig. 5C, D and E) . The Golgi elements in these mutants appeared to be spherical with accumulation of tubular networks in the interior of the structure.
Och1p-HA was present in the outer layer of these structures as well as in the interior membranes (Fig. 5B, C, D and E) . In gea2-28, the majority of structures appear as concentric circles of tubular network (that probably corresponds to a spiral structure in three dimensions), whereas gea2-60 and gea2-610 have many structures like those shown in Fig. 5C and D, with a more random orientation of the internal membrane structures. In all of the mutants, we observed Och1p-HA labeling in the ER, which was accumulated to a greater extent than in wild type for all four mutants, consistent with the results of the immunofluorescence experiments. An example of this phenotype for gea2-74 is shown (Fig. 5F ). Hence the early Golgi structures accumulated in the gea2-ts mutants have an abnormal structure compared to the control strain, and accumulation of Och1p-HA in the ER is confirmed in all of the mutants by immuno-EM analysis.
To determine whether transport through the secretory pathway was blocked, secretion phenotypes of the four gea2-ts mutants were tested by (Fig. 6A) . The fourth mutant, gea2-28, had a weaker phenotype, but still exhibited a slower rate of transport of ALP compared to the control (Fig. 6A ). For CPY, two precursor forms can be distinguished, the p1 ER and early Golgi form, and the p2 late Golgi form, in addition to the mature vacuolar form. The three mutants gea2-60, gea2-74 and gea2-610 showed only a very small accumulation of the mature form, similar to the results for ALP (Fig. 6B) . The precursor form that accumulated was exclusively the p1 form, indicating a slowing or block of transport through the ER and early Golgi. For both ALP and CPY, no mature form was visible in mutant gea2-610, but the signal is weaker in this mutant, so we cannot rule out a small amount of transport to the vacuole, similar to that observed for gea2-60 and gea2-74 (Fig.   6B ). Mutant gea2-28 showed only a moderate slowing of transport through the early Golgi, with a significant accumulation of mature CPY in the vacuole (Fig. 6B ). These results demonstrate that three of the four gea2-ts mutants under consideration have a strong anterograde trafficking defect at the level of the ER/early Golgi.
In COPI and gea1-ts mutants, some proteins are blocked or slowed in transport through the early Golgi, whereas others, referred to as COPI-independent, continue to be secreted (Gaynor and Emr, 1997; . In S. cerevisiae, only a small number of proteins are secreted directly into the medium, with the majority trapped between the plasma membrane and the cell wall. Hence recovery of proteins from the medium after 35 S-labelling of proteins and pulse-chase analysis produces a discrete pattern of bands. We assayed secretion of proteins into the medium in the gea2-ts mutants and the GEA2 control (Fig. 6C) . The most abundant protein secreted into the medium is HSP150, which is secreted in a COPI-independent manner (Gaynor and Emr, 1997) . Although HSP150 continues to be secreted in COPI and gea1-ts gea2Δ mutants, it is hypoglycosylated (Gaynor and Emr, 1997; ). In gea2-74, gea2-60 and gea2-610 mutants, HSP150 was secreted and migrated significantly faster in the gel, indicating that it was hypoglycosylated in these mutants (Fig. 6C ). gea2-28 had a much less severe defect in this assay, with the majority of the HSP150 protein migrating normally, and only a small fraction migrating more quickly (Fig. 6C ). This experiment also shows that at least one other protein normally secreted into the medium, SP1, fails to be secreted in the gea2-ts mutants (Fig. 6C, arrow) , as was previously observed for gea1-6 and gea1-19 ). These results show that the gea2-ts mutants block secretion of at least one protein into the medium, and like COPI and gea1-ts mutants, continue to secrete a subset of proteins, including hypoglycosylated HSP150, into the medium.
The current model of trafficking through the Golgi apparatus, the cisternal maturation model, postulates that anterograde transport is accomplished through retrograde transport of Golgi enzymes from later back to earlier compartments. Hence the prediction of this model is that any mutant exhibiting a strong anterograde secretion defect will also have a strong retrograde defect. This has been demonstrated for mutants in several COPI subunits, in the Arf1p GTPase, in subunits of the COG complex and in the Neo1p aminophospholipid translocase (Gaynor and Emr, 1997; Sato et al., 2001; Yahara et al., 2001; Suvorova et al., 2002; Hua and Graham, 2003) . We first used an developed by Schmitt and colleagues to test retrograde transport in the gea2-ts mutants (Ballensiefen et al., 1998) . The assay utilizes a Sec22 fusion protein with a luminal myc epitope, Kex2p cleavage site and α−factor repeat (Sec22-myc-α). In this assay, the extent to which the Sec22-myc-α comes in contact with the trans-Golgi localized Kex2p protease is monitored. This Sec22-myc-α chimeric protein, like the original Sec22p SNARE protein, cycles between the ER and early Golgi (Ballensiefen et al., 1998) . Normally very little Sec22-myc-α arrives at the late Golgi compartment containing Kex2p, so in wild type cells, the majority of the protein is found in its full-length form, and only a small amount of Kex2p cleavage product is observed (Fig. 7) . In contrast, mutants defective in retrograde trafficking such as ret1-1 (defective in α-COP) had a marked accumulation of the cleavage product, with little if any fulllength protein present (Fig. 7) . Surprisingly, none of the gea2-28, gea2-60, gea2-74 and gea2-610 mutants had a defect in this assay, each showing a phenotype indistinguishable from wild type control strains (Fig. 7A, B) . The gea1-6 gea2Δ mutant that we have previously shown to have a retrograde trafficking defect (Chantalat et al., 2003) , accumulated a large amount of cleaved product in this assay (Fig. 7C) . Even a gea2Δ mutant alone had a defect in the assay, accumulating significantly more cleavage product than the wild type control (Fig. 7C) , whereas a gea1Δ mutant had a phenotype indistinguishable from wild type (Fig. 7C) . This is the first demonstration of a difference in phenotype in a trafficking assay between the gea1Δ and gea2Δ mutants, and suggests that Gea1p and Gea2p may act preferentially in different sorting pathways within the Golgi. In conclusion, we find that the gea2-ts mutants have no defect in retrograde trafficking using the Sec22-myc-α assay, unlike COPI, arf1-ts and even gea1-ts mutants, which have severe defects in this assay.
Rer1p is a cargo receptor that localizes to the Golgi apparatus at steady state, and cycles between the ER and the Golgi . It is transported from the Golgi to the ER by a COPI-dependent mechanism (Sato et al., 1997 ). In both COPI and Arf1p mutants, Rer1p mislocalizes to the vacuole because retrograde trafficking is blocked and the protein that is accumulated in the Golgi is transported to the vacuole for degradation, where the GFP moiety is cleaved and accumulates in the vacuolar lumen Yahara et al., 2001) . Hence Rer1p localization is a sensitive test for a defect in retrograde trafficking. At the permissive temperature of 24 o C, the gea2-28, gea2-60, gea2-74 and gea2-610 mutants had a phenotype identical to that of the GEA2 control: scattered spots throughout the cytoplasm (Fig. 8) . At 37 o C, GFP-Rer1p localized to Golgi elements in all the mutants, with some of the spots considerably larger in the mutants (Fig. 8) . In addition, all of the mutants showed a portion of GFP-Rer1p in the ER (Fig. 8 ). These results are strikingly different than those obtained for the COPI mutants ret1-1 (α-COP), sec21-2 (γ-COP) and sec27-1 (β'-COP) and several ts mutants of Arf1p, all of which showed redistribution of GFP-Rer1p to the vacuole , Yahara et al. 2001 . Our results suggest that retrograde transport of GFP-Rer1p is intact in all of the mutants, and that anterograde transport of the protein is slowed or blocked at the nonpermissive temperature.
Another assay of retrograde transport is localization of Emp46p. Emp46p cycles between the ER and the Golgi, with a steady state localization to the Golgi Nakano, 2002, 2003) . Emp46p, like its homologue Emp47p, has a C-terminal KXKXX motif that interacts directly with COPI, which mediates its retrograde transport from the Golgi to the ER. When the dilysine localization motif is mutated, Emp46p accumulates in the vacuole (Sato and Nakano, 2002) . The pattern of GFP-Emp46p in our GEA2 control strain showed the typical pattern of scattered spots at both 24 o C and 37 o C (Fig. 8 ). All four mutants had a relatively normal pattern at the permissive temperature of 24 o C (Fig.   8 ). At the nonpermissive temperature of 37 o C, all mutants exhibited a much weaker signal than the control, with fewer, dimmer spots (Fig. 8) . No vacuolar signal was visible, however, and for the gea2-28, gea2-74 and gea2-610 mutants, some cells showed an ER accumulation of Emp46p (Fig. 8) . Hence in three retrograde trafficking assays, the gea2-ts mutants, unlike COPI and arf1-ts mutants, have no observable defects.
It is currently believed that the COPI coat complex in yeast functions primarily in retrograde trafficking from the Golgi back to the ER, and in intra-Golgi retrograde trafficking (Lee et al., 2004) . Consistent with the results that the gea2-ts mutants have no defect in retrograde trafficking, COPI was found in membrane structures in these mutants even after 45 minutes of incubation at the nonpermissive temperature (Fig. 4 and our unpublished data). COPI is normally recruited to and released from membranes in a rapid cycle that depends on Arf1 activation for the membrane recruitment step (Donaldson and Jackson, 2000; Presley et al., 2002) . This cycle is blocked by the drug Brefeldin A (BFA), which binds to an Arf GEF-Arf1-GDP complex and prevents Arf1 activation (Peyroche et al. 1999) . In mammalian cells, COPI release from membranes by BFA has been extensively studied, but this phenomenon has not been demonstrated in yeast. Wild type yeast cells are resistant to BFA, but an erg6Δ mutant, defective in one of the final steps of ergosterol biosynthesis, is sensitive (Graham et al., 1993; ). To determine the effect of BFA on COPI binding to membranes in yeast, we first tested a standard wild type strain in which the BFA-sensitive erg6Δ mutation had been introduced and which carried a GFP-tagged version of γ-COP (Sec21p-GFP) integrated into the chromosome. In these cells, Sec21p-GFP was completely released from membranes within one minute of treatment with BFA (Fig. 9A, left panels) . We have previously shown that GBF1, the mammalian homologue of Gea2p, remains associated with Golgi membranes in the presence of BFA (Niu et al., 2005) , and hence we examined the localization of Gea2p-GFP after BFA treatment in yeast. As in the case of GBF1, Gea2p-GFP remained associated with Golgi membranes after BFA treatment (Fig. 9A, right panels). Hence the dynamic association of COPI and Gea2p as revealed by BFA treatment is very similar in yeast and mammalian cells.
We constructed erg6Δ gea1Δ gea2Δ strains carrying either wild type GEA2 or a gea2-ts allele on a plasmid and expressing Sec21p-GFP from the chromosomal locus (see Materials and Methods). We tested the ability of BFA to release Sec21p-GFP from membranes in these strains grown at the nonpermissive temperature of 37 o C. In the gea2-74 and gea2-610 mutant strains, Sec21p-GFP was released from Golgi membranes within one minute of treatment with BFA, a result indistinguishable from that for the wild type GEA2 control (Fig. 9B , top row of panels). Hence a BFA-sensitive Arf1 GEF is responsible for recruiting the Sec21-GFP present on membranes in the gea2-ts mutants.
We have shown previously that the only BFA-sensitive GEFs in the yeast secretory pathway are Gea1p, Gea2p and Sec7p (Peyroche et al., 1999) . Hence the BFAsensitive GEF responsible for recruiting COPI to membranes in the gea2-ts mutants could either be the mutant gea2 protein itself (which has a wild type Sec7 domain), or the wild type Sec7p present in the strain. We attempted to distinguish these possibilities by constructing erg6Δ gea2-ts sec7-ts strains expressing Sec21p-GFP. We have isolated new sec7-ts alleles in a screen similar to that described above for the gea2-ts mutants (our unpublished data). Two of these mutants, sec7-12 and sec7-18, are tight ts alleles that show no growth at 37 o C. sec7-12 contains a single mutation, I615N, in the B/Gβ region of Sec7p, which is conserved in both the Gea/GBF and Sec7/BIG subfamilies of Arf GEFs. sec7-18 also contains a mutation in the B/Gβ region (V636D), but in addition carries two downstream substitutions (L744S and N839D), the latter in a highly conserved residue near the beginning of the Sec7 domain. The erg6 gea1Δ gea2Δ /pCENgea2-ts strain described above has the chromosomal copy of SEC7 deleted, and carries a wild type SEC7 gene on a plasmid. We also constructed strains carrying plasmid-borne copies of sec7-12 and sec7-18 in place of wild type SEC7 (see Materials and Methods), to create erg6Δ gea2-ts sec7-ts strains carrying Sec21p-GFP integrated into the chromosome. In the single sec7-ts mutants, as in the gea2-ts single mutants, Sec21p-GFP was associated with membrane structures at 37 o C (Fig. 9B , left panels), indicating that these sec7-ts mutations did not abolish the ability of cells to recruit COPI to membranes.
In the double mutants, Sec21p-GFP structures were still visible after 30 minutes incubation at the nonpermissive temperature (although the pattern was altered in some of the double mutants, see below). In all four mutants, BFA caused release of Sec21p-GFP from the membrane structures present in these cells (Fig. 9B) . We imaged the same field of erg6Δ gea2-74 sec7-12 Sec21p-GFP double mutant cells before and after BFA treatment to monitor the time course of COPI release from Golgi membranes. As soon as 30 seconds after BFA treatment, all COPI was released from membranes into the cytoplasm (Fig. 9C) . When cells were then washed to remove the BFA, Sec21p-GFP fluorescence was restored to a punctate pattern within two minutes, indicating that COPI had regained its Golgi localization. These results demonstrate that in the mutant strains, Sec21p membrane localization requires activated Arf1/Arf2p to be maintained. However, in some of the double mutant strains, the pattern of spots was different than in the wild type control strain (Fig. 9B) . The change was particularly evident in the gea2-610 sec7-18 double mutant, which had considerably fewer Sec21p-GFP structures that were much smaller in size. This result shows that both Gea1/Gea2p and Sec7p contribute to maintenance of normal-sized COPI-containing membrane structures in yeast cells, although they do not allow us to conclude whether, at the molecular level, it is exclusively Gea2p or Sec7p that activates Arf1/Arf2p to recruit COPI to membranes.
The results above allow us to make several important conclusions. The first is that Gea2p and Sec7p do play redundant roles in maintaining COPI-associated structures in cells. This could either be through maintenance of the membrane domains that COPI associates with, or through direct recruitment of COPI via Arf1 activation. We are currently carrying out experiments to distinguish these two possibilities. The second conclusion is that the COPI present on membrane structures in the single and double gea2-ts sec7-ts mutants is recruited to membranes by activated Arf1/Arf2p, and hence they are not novel structures where the protein is aggregated or associated with membranes by some other mechanism. Hence in the gea2-74 and gea2-610 mutants, COPI is recruited to membranes by activated Arf1/Arf2p, despite the fact that anterograde transport is almost completely blocked. These results demonstrate that COPI recruitment to membranes and the functioning of at least some retrograde trafficking pathways can be uncoupled from anterograde transport.
DISCUSSION
In this paper, we provide the first in vivo functional data for one of the most highly conserved regions of the Gea/GBF subfamily of Arf GEFs outside of the Sec7 domain, the B/Gβ . The Golgi-localized Arf GEFs are large proteins (approximately 200 kD) with multiple homology domains flanking the catalytic Sec7 domain (Jackson and Casanova, 2000; Cox et al., 2004) . Three of these homology domains also share similarity to the BIG/Sec7 subfamily of Arf GEFs, and are called B/Gα, B/Gβ and B/Gγ (Cox et al., 2004)  The functions of the evolutionarily conserved domains in the Golgi-localized Arf GEFs are largely unknown, although some information about binding partners of these regions is emerging. The Gα domain of the GNOM protein of Arabidopsis thaliana was shown to be required for dimerization of the protein and for cyclophilin binding, although the functional significance of this interaction is not known (Grebe et al., 2000) . Both Gea1p and Gea2p interact with the transmembrane protein Gmh1p via the conserved domain B/Gγ,  immediately tream of the Sec7 domain (Chantalat et al., 2003) . A single amino acid within this domain is mutated in the gea1-6 temperature sensitive mutant, and analysis of the mutant indicates that this region is essential for Gea1p function, both in anterograde and retrograde trafficking Chantalat et al., 2003) .
These essential functions are not solely mediated by Gmh1p, as GMH1 itself is dispensable for growth and secretion (Chantalat et al., 2003) . A proline-rich domain at the C-terminal end of the GBF1 protein has been shown to interact with p115, a peripherally associated membrane protein involved in SNARE function (Garcia-Mata and Sztul, 2003) . In this paper, we have demonstrated that the B/Gβ domain of Gea2p, which lies just upstream of the catalytic Sec7 domain, is an important functional domain of this Arf GEF in yeast.
We have isolated and characterized four temperature sensitive mutants in the B/Gβ region of the S. cerevisiae Gea2p Arf GEF. Three of these four mutants have a complete or almost complete block in anterograde transport, but are not defective in retrograde trafficking of three proteins that normally cycle between ER and Golgi in a COPI-dependent manner. COPI is present on membranes in all four mutants, and is released from membranes by BFA at the nonpermissive temperature. As determined by immunofluorescence and electron microscopy, both ER and early Golgi membranes accumulate.
The mutants examined here with amino acid substitutions in the B/Gβ region of Gea2p have some similarities to COPI mutants, in that they continue to secrete COPIindependent cargo such as HSP150, and block anterograde trafficking of proteins traversing the secretory pathway (such as CPY) in the ER and early Golgi. However, there are a number of differences between the gea2-ts mutants that we have characterized in this paper and previously characterized COPI, Arf1p and gea1-ts mutants. Rer1p or Emp46 are not transported to the vacuole in the gea2-ts mutants as they are in COPI and arf1-ts mutants, Sec22-myc-α is efficiently sorted away from Kex2p in the gea2-ts mutants, but not in COPI, arf1-ts or gea1-ts mutants, and Och1p accumulates in the ER in the gea2-ts mutants but not in COPI and arf1-ts mutants. Och1p normally cycles between the ER and the Golgi in yeast (Karhinen and Makarow, 2004) , so the accumulation of Och1p-HA in the ER is indicative of an anterograde trafficking block. Hence secreted proteins, proteins destined for the vacuole, a glycosylation enzyme and cargo receptors are all slowed or blocked in their anterograde transport through the Golgi in the gea2-ts mutants.
At the morphological level, both ER and early Golgi membranes accumulate in the gea2-ts mutants. These membranes contain early Golgi markers, considerable amounts of Rer1p, but not late Golgi resident proteins. These results show that there is a block in trafficking within the Golgi, so that membranes beyond the block are evacuated in the normal process of secretion, and membranes upstream of the block accumulate.
Although it is certainly possible that the B/Gβ region of Gea2p that is defective in the mutants is involved in recycling of a subset of proteins that are essential for anterograde transport, another interesting possibility is that this region is involved directly in anterograde transport, perhaps through effects on membrane lipids. We have preliminary evidence that at least one lipid-modifying enzyme interacts with this portion of Gea2p, and current studies are aimed at testing this possibility.
The best-characterized role to date of the Arf1 GTPase and its regulators is the recruitment of COPI to Golgi membranes to promote retrograde trafficking within the Golgi and from the Golgi back to the ER (Bonifacino and Lippincott-Schwartz, 2003; Lee et al., 2004 . Electron microscopy analysis of structural organization of Golgi membranes in the gea2-ts mutants and the GEA2 control strain. CJY52-10-2/pSKP20 (CEN-LEU2-GEA2-GFP), CJY52-10-2/pSKP21, CJY52-10-2/pSKP22, CJY52-10-2/pSKP23 and CJY52-10-2/pSKP24 cells were prepared as described in Materials and Methods.
Immunocytochemistry was performed on thin frozen sections of the cells using a rat anti-HA antibody, rabbit anti-rat bridging antibody, and 10 nm protein A-gold to visualize Och1p-HA. N, nucleus; G, Golgi; m, mitochondrion; V, vacuole; ER, endoplasmic reticulum. Scale bars, 0.2 μm. ret1-1 (A); strains CJY101/pSKP20 GEA2, CJY101/pSKP22 gea2-60, CJY101/pSKP24
gea2-610 and EGY101 ret1-1 (B); and strains CJY49-11-4 gea2Δ, CJY62-10-3 gea1-4, APY022 gea1-6 and CJY50 gea1Δ (C) were grown overnight at 24 o C, then cultures split and either kept at 24 o C or shifted to 37 o C for 1 or 2 hours. Cell lysates were prepared and subjected to Western blotting analysis using anti-Sec22p antibodies. The full-length Sec22-myc-α r c protein, the Kex2p cleavage product (Kex2 CP: Sec22-myc) and endogenous Sec22p are indicated. Westerns were also performed using anti-myc antibodies, which detected the upper two bands only (our unpublished data). integrated into the SEC21 chromosomal locus) and BY4742 erg6Δ / pSKP20 GEA2-3xGFP were grown at 30 o C and imaged as described in Materials and Methods (-BFA), then treated with 100 μg/ml BFA and imaged one minute later (+ BFA). (B) Strains CJY105/pSKP60 + pAP45, CJY105/pSKP60 + pSKP72, CJY105/pSKP60 + pSKP78, CJY105/pSKP63 + pAP45, CJY105/pSKP63 + pSKP72, CJY105/pSKP60 + pSKP78, CJY105/pSKP64 + pAP45 CJY105/pSKP64 + pSKP72, and CJY105/pSKP64 + pSKP78
were grown at 37 o C for 30 minutes and imaged, then immediately treated with 100 μg/ml BFA for one minute and imaged again. (C) Strain CJY105/pSKP63 CEN- 
